Abstract. The objectives of this study were to measure and evaluate the energy balance of a continental, midlatitude alpine snowpack during spring snowmelt conditions, to relate variations in the energy budget and snowmelt to synoptic weather patterns, and to evaluate the performance of a point energy and mass balance model of a snow cover (SNTHERM) in alpine conditions. The investigation was conducted during the 1994 snowmelt season at Niwot Ridge (3517 rn above sea level (asl); 40ø03'N, 105ø35'W) in the Colorado Front Range. Net radiative fluxes and net turbulent fluxes respectively provided 75% and 25% of the total energy available for snowmelt during the season. Sublimation losses were limited to only 4% of the initial snow water equivalence at the site. The largest energy available for snowmelt was associated with a ridge in the upper airflow over the central and southern Rocky Mountains that permitted warmer air into the region. Using measured data from the study site, the SNTHERM model estimated the disappearance of the snowpack just 3 days earlier than the observed 42-day ablation period.
ature, and relative humidity patterns, they were potentially more useful for predicting snowmelt. Although such an approach may be less useful in nonmaritime alpine areas where radiative fluxes typically dominate the snow energy balance, Kuusisto [1986] pointed out that very intense snowmelt usually requires a large turbulent transfer in addition to the radiative transfer. Thus synoptic weather patterns may be useful in continental alpine areas for determining or predicting periods of intense melt, but there have been no experiments conducted to evaluate relationships between continental midlatitude alpine snowpack energy exchanges and synoptic weather patterns. Point snow energy balance experiments provide an opportunity to test physically based point snowmelt models under conditions characteristic of a specific location. Such models are increasingly used in a spatial context to meet the needs of a variety of hydrological, hydrochemical, and geomorphological applications in alpine regions [Kirnbauer et al., 1994] . To build confidence in spatial applications of point snowmelt models in alpine basins, it is important to carefully evaluate model performance under alpine conditions. This paper reports the results of an investigation of snow surface energy exchanges at a continental, midlatitude alpine site in Colorado over a complete snowmelt season. Radiative energy fluxes are measured directly, and turbulent energy exchanges are computed using an aerodynamic profile method. The overall role and importance of the individual components of the energy balance is described. Then differences in mean energy fluxes between different synoptic weather patterns are examined. Finally, energy balance results from a point energy and mass balance model of a snowcover (SNTHERM.89.rev4 [Jordan, 1991] ) are compared to the experimental results. Comparison of SNTHERM-derived energy fluxes to those determined using the aerodynamic profile approach cannot validate either method [Rastetter, 1996] , but if they are generally in agreement the comparison can be used to (1) corroborate the energy balance results and (2) provide confirmation that the coded representation of physical snowpack processes within SNTHERM is appropriate [Oreskes et al., 1994 ].
Methods

Site Description
The data reported here were collected during the 1994 snowmelt season at Niwot Ridge on the eastern slope of the Front Range of Colorado (3517 m above sea level (asl); 40ø03'N, 105ø35'W). Niwot Ridge is a 10-km interfluve extending eastward from the Continental Divide and is characterized by low rounded hills with shallow saddles in between. Tree line in this area is at approximately 3350 a•. The instrument site is located in a relatively flat area within a broad saddle of the ridge.
The Front Range of Colorado has a dry continental climate due to its distance from the Pacific coast. Most of the precipitation received at Niwot Ridge arrives during early spring, as moist air from the Gulf of Mexico is drawn northward [Barry, 1992] . The high elevation and exposure of Niwot Ridge and typically dry atmospheric conditions result in large clear-sky atmospheric transmissivity, large insolation, low magnitudes of incident longwave radiation, low air temperatures, and high wind velocities. The depth of snow accumulation on Niwot Ridge is extremely variable, being influenced by the interaction of high wind velocities and topography. Windswept areas devoid of snow may be found immediately adjacent to deposi- These changes in energy change either the temperature or the phase of the snowpack. This sign convention is used throughout the remainder of this paper. All data in this investigation were measured at 10-s intervals and averaged (or totaled where appropriate) every 10 min. Data were logged using a Campbell CR21x data logger and stored on a solid-state storage module. Changes in the internal energy of the snowpack are calculated as a residual using (1). The residual term (AQs + AQM ) was converted to mass units using the latent heat of fusion of water to allow comparison to measured snowmelt. The flow of heat through the soil was measured using a heat flux plate placed 0.05 m below the soil-snow interface. No significant heat exchange occurred through this level until the snowpack became very thin near the end of the snowmelt season. Therefore no further consideration of the ground heat flux will be given here. Also, as no rainfall events were observed during the study period, no further consideration will be given to the Q R component of (1).
2.2.1.
Radiative fluxes. The net all-wave radiation flux is the balance of the incident and reflected shortwave radiation and the incident and emitted longwave radiation and is expressed as
=K* +L* where K • is the incident shortwave radiation, a is the shortwave albedo of the snow surface, K 'l' is the reflected shortwave radiation, L • is the incident longwave radiation, L I is the emitted longwave radiation, K* is the net shortwave radiative flux, and L * is the net longwave radiative flux.
Incident and reflected shortwave radiative fluxes were measured using a Kipp and Zonen CM14 albedometer, which has two pyranometers (upward and downward looking) housed in a single instrument. Incident and upwelling longwave radiative fluxes were measured using a Kipp and Zonen CG2, again, a single housing containing upward and a downward looking pyrgeometers. Each pyrgeometer in the CG2 contains a thermistor adjacent to the sensor to permit temperature compensation of the longwave measurements. Net radiation fluxes reported in this paper were determined as shown by (2), using 
QE = b(Lv) •-r•(•2•-•-)] (b•t[ln(z•/zO] (4)
where b is the density of air, Cp is the specific heat of air at a constant pressure, L•, is the latent heat of vaporization of water, k is von Karman's constant, 4•H is the stability function for heat, 4•E is the stability function for water vapor, 4•M is the stability function for momentum, z • and z2 are the instrument heights in the profile, 0• and 02 are the potential temperatures at the given profile height, q • and q 2 are the specific humidities at the given profile height, and u• and u2 are the horizontal wind speeds at the given profile height. The specific humidity at each level in the profile was determined by [Saucier, 1983] 0.622(e) q=P-O.378(e)
where P is the atmospheric pressure and e is the vapor pressure, calculated from the equation
where RH is the relative humidity at a given level, and es is the saturation vapor pressure over water, calculated from the equation es = 6.11 mbar x 10 ar/(r+b) 
where # is the acceleration due to gravity and 0 is the mean potential temperature of the two levels. Temperature and relative humidity were measured at three levels above the snow surface using Vaisala HMP35C temperature/relative humidity probes. Wind speed was also measured at three levels using R. M. Young 05103 anemometers. Characteristics of these instruments are summarized in Table 1 . The instruments were mounted on a movable support attached to a fixed mast; the support was repositioned regularly to maintain instrument heights of 0.5, 1.0, and 2.0 m above the snow surface. Since relative magnitudes of these factors are of interest for the determination of gradients and not absolute magnitudes, the instruments were cross-calibrated with each other at the same level for 1 week before and after the snowmelt period to ensure that small differences could be measured in the profile. Using one instrument of each type as a standard, the other two were calibrated to fit the standard using linear regression equations. R 2 values for the regression fits were all greater than 0.99. The RMSE of the regression fits were less than 0.1øC for air temperature, about 0.5% for relative humidity, and less than 0.1 m s -• for wind speed.
The estimation of turbulent fluxes as shown in (3) and (4) assumes that the fluxes are constant in the atmospheric layer being measured. However, during blowing snow conditions, sublimating ice particles act as sources of water vapor and losses of latent heat in the atmosphere, and the sensible and latent heat fluxes are not vertically constant [Morals, 1989] . In an effort to compensate for this problem, fluxes were calculated iteratively between 2.0 and 1.0 m, between 1.0 and 0.5 m, and between 2.0 and 0.5 m. The averages of these three fluxinterval calculations are reported here. A more appropriate approach towards calculating the temperature and humidity profiles under blowing snow conditions is described by Schmidt [1982] , but this approach was not feasible for this study.
Physical Snowpack Properties and Snowmelt
Two snow pits were excavated near the instrument tower at the beginning of the study period to measure physical properties of the snowpack. Vertical snow temperature profiles were measured at 0.1 m intervals using a digital thermometer. Snow density profiles were measured using a 1 L steel cutter following the protocol of Elder et al., [1991] . 
Snowmelt was measured following the protocol of Bales et al.
[1993] using two 1-m 2 draining lysimeters with 25-cm sidewalls.
The lysimeters were located on the ground surface approximately 3 m from the instrument tower. The lysimeters were plumbed underground about 3 m into an underground shelter and instrument enclosure. Snowmelt from each lysimeter was measured inside the shelter using a Campbell Scientific TE525 tipping bucket gauge. The characteristics of this gauge are summarized in Table 1 .
SNTHERM
SNTHERM is a comprehensive, physically based point energy and mass balance model of a snowcover that addresses surface temperature; transport of liquid water and water vapor; snow accumulation and ablation; densification; metamorphism; and their effect on the thermal and optical properties of the snowpack. The model is initialized with profiles of temperature, water content, and grain size for snowpack and soil strata, and the relevant governing equations are subject to meteorological boundary conditions [Jordan, 1991] . The methods used by SNTHERM to compute the surface energy budget are fundamentally different than the methods discussed above (hereafter referred to as "measured" fluxes, as opposed to the "modeled" SNTHERM fluxes). Whereas in the above method turbulent fluxes are computed using profile measurements of air temperature, relative humidity, and wind speed (with no surface measurements), SNTHERM computes turbulent fluxes using atmospheric measurements from only one height and model-derived snow surface temperature and relative humidity. SNTHERM employs corrections for atmospheric stability using slightly different functions than those shown in Table 2 . The surface roughness length and bulk transfer coefficients are entered as user-defined parameters. Also, whereas in the measured approach all four components of the radiative balance are measured directly, SNTHERM computes the surface longwave emission based on model-derived snow surface temperatures. Therefore in order for SNTHERM to correctly determine the snow surface characteristics used for the turbulent and radiative exchanges at each time step, it must first properly compute the internal snowpack energy and mass exchanges at the previous time step.
In this study the SNTHERM model was run using measured incident and reflected shortwave radiation; incident longwave radiation; and air temperature, relative humidity, and wind speed measurements from the 2.0-m level as inputs. The model is designed to accept measurements from a fixed reference height and ordinarily calculates the height of the instruments above the snow surface over time using its own calculation of changing snow depth. Since in this study the instruments were regularly raised or lowered to maintain specific instrument heights for the aerodynamic profile approach, the SNTHERM code was modified to accept this condition. SNTHERM was run for the same time period but on an hourly time step. The initial snowpack conditions used in the model are from the snow pit measurements and are shown in Table 3 . A surface roughness length of 1 mm was used in the model, and bulk transfer coefficients were employed as recommended by Jordan [1991] .
500-mbar Synoptic Weather Patterns
Since the mean barometric pressure at the site during the study period was 650 mbar, the synoptic 500-mbar height conditions were considered most representative of the atmospheric conditions; the 750-mbar level generally intersects the (Figure 3b) . After JD 125 the net turbulent transfer was positive. This change in sign coincided with the onset of recorded melt draining from the base of the snowpack, discussed below. By the end of snowmelt, net radiative fluxes provided 75% of the total energy available for snowmelt, while the net energy supplied by turbulent sources was 25% of the seasonal total.
Energy Balance, Snowmelt, and Sublimation
The snowpack energy balance was calculated using (1). For snowmelt from a ripened snowpack to begin on a given day, the energy deficit from the previous night must first be satisfied. Therefore, to calculate snowmelt from the energy balance, a daily budget of hourly losses and gains was calculated for the residual energy term (A Qs + A QM). The snowpack typically lost energy at night between about 6:00 P.M. and 6:00 A.M., and gained energy during the daytime hours (the specific times varied but were usually within and hour or two of 6:00 A.M. and 6:00 P.M.). Once daily snowmelt began, the nightly deficit was typically satisfied by between 10:00 A.M. and noon. The (SWE). These discrepancies indicate that the second lysimeter collected water preferentially from a much larger area than just above the lysimeter itself, preventing the use of those data here. Thus considering only the measured data from lysimeter 1 only, although the calculated melt began 3 days prior to the measured melt, it progressed at approximately the same rate as the measured melt. The total depth of calculated snowmelt was 555 mm. The difference in time between complete ablation at the instrument tower and the end of snowmelt at the lysimeter is explained simply by a slightly shallower snowpack at the lysimeter. Sublimation losses calculated from Q•r (shown in Figure 5b ) amounted to an additional water loss of 20 mm. By adding the calculated sublimation loss to the calculated snowmelt, the total calculated water content of the snowpack at the beginning of the season was 575 mm, a difference of 17% from the measured water equivalence at the beginning of the study period. Also, the relationship between surface snowmelt computed from the energy budget and meltwater effiux measured at the base of the snowpack behaved in an expected manner. These results suggest that the energy fluxes computed using this method were reasonably accurate. Pattern 4: Arizona Low (7 days). As discussed above, the low-pressure centers causing the Colorado Arch tended to persist over southern California for a day or two. Afterward, they tended to move over central or southeast Arizona. When this occurred, the large-amplitude airflow of the Colorado Arch persisted but was displaced northward with warm air flowing into the northern Rockies and into Canada. In Colorado, the airflow was then dominated by the counterclockwise flow of the low over Arizona until it dissipated, generally within a few days. While it remained over Arizona, the low continued to pull warm and moist air from west of Baja, but the airflow (Table 6 ). The Colorado Arch and Zonal patterns both resulted in net turbulent and net radiative energy gains, and subsequently there was more energy available to melt snow during these periods. The Canadian Polar and Arizona Low patterns both resulted in a net loss of turbulent energy with sensible heat gains but larger latent heat losses; net radiation was also negative during the Canadian Polar pattern so the snowpack lost energy during this period. Net radiation was positive and larger than the net turbulent loss during the Arizona Low period, so energy was available for snowmelt but at less than half the rate that occurred during the Colorado Arch and Zonal patterns.
Energy Flux Relationships
Although the Zonal and Colorado Arch patterns both resulted in larger amounts of energy available for snowmelt, the Colorado Arch pattern was associated with nearly four times the mass loss due to sublimation than that which occurred with the Zonal pattern. There was no statistically significant difference in the 2.0-to 0.5-m-level wind speed gradients between these two synoptic patterns, but there was a large difference in (or any other) pattern, as indicated by a Richardson number significantly larger during the Colorado Arch pattern (0.03) than during the Zonal pattern (0.01); so while the magnitude of the calculated flux was dampened by a larger stability correction, the large difference in the latent heat fluxes between these two patterns was due mainly to differences in the humidity gradient. most of these observations occurred during the influence of the Canadian Polar synoptic pattern, when air and snow surface temperatures were well below freezing. These differences in longwave emissions could possibly indicate that SNTHERM overpredicts snow surface temperatures during colder conditions, but given well-known difficulties associated with longwave radiation measurements, it is probably more likely that the differences are due to errors in the L •' measurements.
Discussion
The overall relative contributions of the separate energy balance components found in this study are compared to five other alpine snow energy budget studies in Table 8 . The reported roles of net radiation and net turbulent energy exchanges for seasonal snowmelt varies between 100:0% to 18: 82%. In the present study, net radiation only contributed three times the energy for melt over net turbulent transfer, in contrast to 5 to 10 times reported in the Sierra Nevada [Marks and Dozier, 1992] and the Tianshan [Calanca and Heuberger, 1990 ]. The results from Niwot Ridge are most similar to the ridge-top site in the Sierra Nevada and to the Tianshan study on glacier 1. In these three studies, net radiation provided from 66% to 88% of the energy for snowmelt, while net turbulent fluxes provided 12% to 32%.
Although it is common practice to report total contributions of the radiative and turbulent components of the energy balance, it is perhaps more useful to consider the variation in the roles of the different fluxes between the synoptic weather patterns that influence snow energy exchanges throughout the melt season (Figure 7) , as has been done in some glacier studies [e.g., Brazel et al., 1992; Hay and Fitzharris, 1988] . There are at least two important points to be made concerning the differential responses of the overall energy balance and its individual components to different synoptic weather patterns that were observed here.
First, identifying such relationships suggests that there is potential for forecasting major changes in snow energy exchanges in mountain regions, insofar as we are able to forecast synoptic weather patterns. In particular, major response differences, such as the mean loss of energy from the snowpack during the Canadian Polar pattern contrasted with the large energy for snowmelt associated with the Colorado Arch pattern, at least provide a broad index that could be useful for forecasting the timing of snowmelt runoff from mountain regions.
Second, by relating actual snow energy budget response to observed climate variability, we establish a firmer foundation upon which to make predictions of alpine hydrologic response to climate change. For example, based on mean differences in temperature and humidity (Table 5) , the four synoptic patterns observed in this study provide analogues for snowmelt response to cold/dry, warm/wet with enhanced precipitation, warm/wet without enhanced precipitation, and warm/dry climate scenarios. Since they are based on physical responses to actual climatic conditions, such analogues should be at least as useful as conceptual temperature index models for understanding and predicting how alpine hydrologic systems may respond to changes in climate characteristics.
The favorable comparison of SNTHERM-derived energy fluxes to those determined using the aerodynamic profile method does not, as mentioned previously, validate either method. However, since the two methods are based on fundamentally different approaches to determining the snowpack energy balance, greater confidence can be placed on the similar results. Furthermore, since SNTHERM must necessarily represent internal snowpack energy and mass exchanges properly in order to compute the energy balance, the corroborative evidence of the two approaches helps confirm that SNTHERM's representation of physical processes is correct. As noted previously, SNTHERM tended to predict larger magnitude turbulent fluxes than the aerodynamic method when fluxes were greater than 50-100 W m -2 (positive or negative); maining 25%. These results are comparable with snow surface energy exchanges during snowmelt at other midlatitude alpine sites. Significant differences between individual energy fluxes and the overall energy balance were found between four different synoptic weather patterns; these differences may be useful for forecasting snow energy exchanges or as analogues for snowmelt response to climate variation and change. While the energy fluxes determined here were not rigorously validated (e.g., using eddy correlation methods), the fluxes were corroborated using a point energy and mass balance model for a snowpack (SNTHERM.89.rev4 [Jordan, 1991] ) based on a fundamentally different approach to determining snowpack energy exchanges, with only minor differences found between flux magnitudes from the two approaches. The largest deviations in turbulent fluxes between the two approaches occurred during very stable atmospheric conditions associated with a single synoptic weather pattern. This comparison suggests that the representation of internal snowpack energy and mass exchange processes is generally correct, although further examination of SNTHERM parameters during very stable conditions is needed.
Snow energy exchange measurements will be continued at this site in the future as part of the Niwot Ridge Long-Term Ecological Research Program. Future work at the site will include continued evaluation of relationships between point energy exchanges and synoptic weather patterns, further analysis of SNTHERM turbulent transfer parameters, and examination of meltwater flow pathways within the snowpack. Please note that the micrometeorological data discussed in this paper are available electronically from the author.
